Chloroperoxidase from Caldariomyces fumago catalyzes the aerobic oxidative halocyclization of allenic alcohols and carboxylates yielding functionalized furan and pyran heterocycles as valuable synthetic scaffolds. Thanks to an oxidase-initiated redox cascade, simple halide saltsin combination with air and glucoseact as stoichiometric reagents for the in situ generation of reactive halonium species. Under the mild reaction conditions in an aqueous emulsion medium, the stereochemical integrity of diastereoand enantioenriched allenes remains uncompromised and chiral dihydrofurans can be obtained via 5-endo-trig cyclizations with perfect axis-to-centre chirality transfer. † Electronic supplementary information (ESI) available. See
Introduction
Halogenation reactions play a crucial role in organic synthesis as many target structures in agricultural and pharmaceutical chemistry feature halide substitution patterns. [1] [2] [3] Furthermore, chlorine, bromine, and iodine atoms serve as highly important functional groups in synthetic intermediates allowing for efficient and selective carbon-carbon and carbon-heteroatom coupling reactions. [4] [5] [6] Classically, molecular halogen has been used as reagent of choice for the introduction of halide entities both via radical pathways and as source of electrophilic halonium species. Due to the harmful, corrosive and toxic properties of the lighter dihalogens, organic reagents such as N-halosuccinimides, N,N′-dihalohydantoins, and tetrahalomethane have nowadays replaced elemental X 2 to some extent in certain processes.
In Nature, the major pathways for the biosynthesis of halogenated secondary metabolites rely on the enzymatic oxidative activation of chloride, bromide, and iodide as readily available source of halogen atoms. 7 Here, halogenases 8, 9 and haloperoxidases [10] [11] [12] generate electrophilic hypohalide species under consumption of dioxygen (and a suitable reducing agent) or hydrogen peroxide, respectively. The enzyme-bound halonium equivalents are subsequently transferred to the acceptor molecules either by direct protein-substrate interaction or via liberation of free hypohalide. In recent years, the synthetic use of halogenating enzymes ex vivo has attracted much interest as it enables the incorporation of halide groups under very mild reaction conditions. [13] [14] [15] [16] Here, the substitution of high molecular weight organic halogen donors or hazardous dihalogens by simple alkali halides and air in combination with the general benefits of biocatalysis, including high selectivities, low temperatures and aqueous reaction media, can be considered a major advancement.
Allenes represent synthetically highly attractive building blocks that are able to engage in numerous, partly unique reactions. [17] [18] [19] Among these many valuable transformations, suitably decorated allenes can act as acceptor for halonium ions and undergo oxidative cyclizations (both exo-trig 20,21 and endo-trig [22] [23] [24] [25] ) that furnish heterocyclic entities containing vinyl halide units as versatile functional handle for e.g. subsequent cross coupling reactions. Particularly gold catalysis proved to efficiently promote this kind of allene activation (Scheme 1, top), 26, 27 enabling the development of asymmetric halocyclizations. 28 Based on our recent investigations of the commercial fungal chloroperoxidase from Caldariomyces fumago (CPO) as catalyst in oxidative rearrangement reactions and the observation of unbeneficial halide interferences, 29 we became interested in the deliberate use of CPO as biological mediator for the halogenative cyclization of allenic alcohols and structurally related entities. Herein, we report on the development of a purely biocatalytic, environmentally benign, [30] [31] [32] and high yielding protocol for the synthesis of functionalized O-heterocycles based on the halocyclization approach (Scheme 1, bottom). In our reaction design, glucose oxidase (GOx) served as catalyst for the controlled generation of hydrogen peroxide by reduction of aerial oxygen. Subsequent oxygenation of simple halide salts would render reactive halonium species to trigger 5-or 6-endo-trig-cyclizations with suitable allenic alcohols or carboxylates.
Results & discussion
We commenced our studies with the investigation of various reaction parameters that would beneficially influence the 5-endo-trig bromocyclization of model substrate 3a employing D-glucose, air and sodium bromide as stoichiometric reagents. An initial activity screening quickly revealed an optimal pH of 4.5 at 25°C, though, despite very high conversions only mediocre yields of the desired dihydrofuran 4a were achieved (Table 1, entry 1). As already shown in our previous CPO projects, 29 co-solvents do not only play an important role with regard to substrate solubility but can be a crucial factor for yield optimizations in peroxidase-mediated processes. However, neither water-miscible co-solvents such as tBuOH or acetonitrile ( Table 1 , entries 2 & 3) nor biphasic systems based on hexane or toluene (Table 1, entry 4) had beneficial effects on the reaction outcome. Interestingly, the addition of emulsifiersfacilitating transfer between the phasesinfluenced the biotransformation in a positive manner and particularly in presence of the non-ionic PEG-based detergent Brij 35®, 32 nearly full conversion and an excellent yield of 93% was achieved ( Table 1 , entry 5). Other kinds of emulsions or microemulsions utilizing AOT as ionic surfactant failed to give similar effects ( Table 1 , entries 6 & 7). 33 The optimized reaction medium consisting of aqueous citrate buffer, Brij 35, and hexane was also tested in combination with other heme enzymes. While the peroxidases from soybean and horseradish delivered only trace amounts of the desired cyclization product ( Table 1 , entries 8 & 9), halogenation using bovine lactoperoxidase proved to be effective with almost comparably high yield of 4a (Table 1 , entry 10). However, considering the lower price of CPO, we chose the fungal enzyme as catalyst for more detailed studies on the biocatalytic allene cyclization. The glucose/glucose oxidase couple represents a very reliable and robust system for the in situ generation of hydrogen peroxide via reduction of aerial oxygen. As a minor drawback, the overall atom efficiency in GOx-mediated reactions remains rather low since C 6 -sugars as sacrificial reagents contribute with only two hydrogen atoms. Here, short-chain primary alcohols can be considered an elegant, low molecular weight alternative. 34 Unfortunately, due to the low pH requirement of the CPO-catalyzed halogenation, all attempts to implement a methanol oxidase/formaldehyde dismutase system 35 Although less elegant than an enzymatic system to provide the required low concentration of hydrogen peroxide, we also attempted to perform the oxidative 5-endo-trig cyclization of 3a in a more atom-economic manner in absence of any sacrificial reducing agents by direct addition of aqueous H 2 O 2 . Not surprisingly, in presence of 2 equivalents of peroxide, the catalytic system was rapidly poisoned and less than 50% conversion was achieved. However, by periodically dosing small aliquots (10 mol% every 15 min) of H 2 O 2 , full conversion could be reached after 5 hours and 4a was isolated in 80% yield (Scheme 2).
The optimized protocol for the enzymatic halocyclization of allenols using the GOx/CPO-system was subsequently tested for its applicability on a broader range of cumulene substrates (Scheme 3). Without further adjustments on the catalytic method, full conversions were obtained for the structurally related alcohols 3b and 3c giving rise to the heterocycles 4b and 4c in high yields. To our delight, the peroxidase-catalyzed cyclization also allowed for the preparation of spirocyclic brominated building blocks (4d & 4e) and the bis-spirodihydrofuran 4f. Furthermore, the successful halogenation of the allenic diol 3g and allenol 3h with high yields for the bromodihydrofurans 4g and 4 h proved that the terminal disubstitution pattern (R & R′ ≠ H) is not a necessary requirement for an efficient aerobic cyclization. However, by removing the gemdialkyl or aryl substituents, respectively, at the allenes' γ-positionthat would serve as stabilizing factor for potential cationic reaction intermediatessubstantially reduced yields were observed (4i). Incubation of terminally unsubstituted allenols did not show any bromodihydrofuran formation but instead, products arising from semipinacol rearrangements were identified as minor reaction products (<10% yield). Furthermore, a series of β-allenols was tested in order to elucidate the potential use of the oxidase/peroxidase protocol for the synthesis of halogenated pyran building blocks. The attempt to cyclize the terminally dimethylated but otherwise unsubstituted alcohol 5a failed and the desired brominated pyran 6a was observed only in minor concentrations ( Table 2 , entry 1). Geminal dimethylation, either next to the allene function (5b) or at the carbinol carbon (5c) led to slightly improved yields of the six-membered heterocycles of 13% ( Table 2 , entries 2 & 3). Although still lagging behind the α-allenol substrates, with the very densely substituted alcohol 5d reasonable conversions in the halogenative 6-endo-trig cyclization were finally observed giving rise to the bromopyran 6d in 46% yield.
As another extension of this biocatalytic allene activation mode, we aimed to transfer the protocol to the cyclization of allenic carboxylates. To our surprise, only traces of the desired five-membered lactones were observed when 2,3-dienoic acids were incubated under the previously optimized conditions. On the other hand, bromolactonization of 3,4-dienoate 7 resulted in the formation of δ-lactone 8 as major product (Scheme 4). Considering the low pH of the reaction medium as a prerequisite for the CPO-catalyzed halide oxidation, the presence of the low-nucleophilic free acid might attribute to the relatively sluggish conversion. The use of other haloperoxidases with activity under slightly less acidic conditions might therefore be beneficial and will be included in future studies.
In order to investigate the stereochemical integrity during the oxidative cyclization of diastereo-or enantiomerically defined allenic alcohols, Thomson's lanthanum-catalyzed traceless Petasis reaction between an alkynyltrifluoroborate (9) and hydroxycyclohexanone (10) was used to synthesize the cyclic allenol 11, 36 which was obtained in excellent diastereoselectivity (98% syn). Gratifyingly, the protocol for the enzymatic allenol cyclization under biphasic conditions gave rise to the desired bicyclic dihydrofuran 12 in 89% yield. Most crucially, the relative syn-stereochemistry was quantitatively transferred from the axially chiral allene moiety to the newly Scheme 3 Substrate scope of the aerobic bromocyclization of α-allenols. formed centrochiral heterocycle with a diastereomeric excess of 12 of 98% (Scheme 5). Encouraged by these results, we turned our attention to the aspect of absolute stereochemistry and the perspective to employ multi-enzyme cascades for the preparation of enantioenriched bromoheterocycles. On the basis of a previously described protocol for the lipase-mediated enantioselective desymmetrization of allenic diols, [37] [38] [39] we designed a two-step sequence that allowed for the generation of optically pure, axially chiral allenols whose subsequent peroxidase-catalyzed halocyclization led to enantiomerically enriched bromodihydrofurans. The stereoselective acylation of allene 3g by lipase from porcine pancreas with vinyl butyrate in 1,4-dioxane yielded the intermediate allenol in excellent enantiomeric excess of 98%. Also here, incubation of the axially chiral allene in the oxidase/peroxidase emulsion system resulted in smooth conversion to the expected functionalized bromide (S)-13. Subsequent basic hydrolysis of the butyrate to the alcohol (S)-4g and comparison of HPLC traces with those of a racemic reference confirmed complete conservation of the 98% optical purity during the bromoetherification (see ESI Fig. 1 †) (Scheme 6).
Green Chemistry Paper
Finally, the application of other halide salts was tested in order to extend the protocol towards the chlorination and iodination of allenes. In presence of sodium chloride, even after prolonged reaction times only a very low conversion was observed (<5%). In strong contrast, the corresponding iodide system provided a rapid and clean formation of the iodinated cyclization product from 3a yielding 14 in 74% after only 1 hour (Scheme 7). Employing the diastereomerically enriched alcohol 11, also good conversion in the iodocyclization was observed. However, due to partial epimerization of the starting material under the reaction conditions, the bicyclic iododihydrofuran 15 was obtained as mixture of diastereomers. Further studies and optimizations regarding the stereochemical integrity of axially chiral allenes in the peroxidase-mediated cyclization are hence required in order to exploit this protocol also in the synthesis of optically active iodinated O-heterocycles.
Conclusions
In this study, we disclosed that halide-oxidizing peroxidases can act as highly efficient catalysts for the oxidative 5-endo-trig cyclization of substituted α-allenols yielding brominated dihydrofuran building blocks. Hereby, the presented method avoids any kind of hazardous elemental dihalogen or high molecular weight organic halogen donors by taking advantage of an oxidase/peroxidase cascade utilizing NaBr, glucose and aerial oxygen as stoichiometric reagents in an aqueous emulsion medium. In addition to a wide substrate scope for the formation of five-membered O-heterocycles, this biocatalytic protocol can be employed to a lesser extend also for the synthesis of six-membered cyclic ethers and lactones. Of particular interest from a synthetic-organic perspective, the enzymatic bromocyclization tolerates both stereogenic carbinol centres and chiral allene axes and thus shows great potential for the chemoenzymatic stereoselective synthesis of complex heterocyclic target structure.
Experimental

General remarks
All reactions carried out under argon atmosphere were performed with dry solvents using anhydrous conditions. Scheme 5 Perfect chirality transfer in a metal-enzyme-coupled catalytic cascade for the synthesis of a stereochemically defined bicyclic vinyl bromide.
